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In volunteers experimentally infected with Salmonelia
typhi, serum ron and zinc concentrations became sig-
nificantly depressed and there was a concomitant rise
in serum copper before the onsst of overt clinical -
ness. However, after several days of fever and the initi-
ation of chioramphenicol therapy, serum iron and zinc
concentrations significantly increased. Additional stud-
les—in volunteers with typhoid fever treated with chio-

rampbhenicol, in a volunteer with typhold fever receiving
cefazolin and gentamicin, and in untreated rhesus mon-
keys infected with Saimonela typhimurium—provided
evidence that the increase in serum iron concentration
during the febrile phase was the resuit of chiorampheni-
col therapy, whereas the increase in serum zinc con-
centrations was a disease-related phenomenon. The
importance of trace-metal monitoring during infectious
disease and chemotherapy is discussed. \
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Significant alterations in host zinc, iron, and cop-
per metabolism occur during various acute and
chronic infectious diseases (I-3). Prospective studies
in man demonstrated that such alterations begin
early in the incubation period after exposure to ei-
ther bacterial or viral organisms (4, 5). As shown in
laboratory animals, these infection-induced changes
represent a rapid redistribution of the metals within
the various tissues of the host (6, 7).

Beside infection-induced alterations in trace-metal
metabolism, various drugs also can produce signifi-
cant changes. For example, administration of chlor-
ampkenicol produces increased serum iron concen-
trations and an increase in the saturation of transfer-
rin, even in the absence of such recognized but infre-
quent complications as aplastic anemia or other
forms of hematopoietic toxicity (8, 9). Because the
serum trace-metal profiles induced by various infec-
tious diseases, in conjunction with other clinical data,
may have potential diagnostic and prognostic useful-
ness, it is important to establish and differentiate the
alterations produced by a particular infectious illness
from thoee that may be induced by chemotherapy.

Therefore, as an ancillary and incidental part of a
continuing series of investigations into the efficacy of
new experimental typhoid vaccines (10, 11), the op-
portunity arose to study the sequential effects of ty-
phoid fever on zinc, iron, and copper concentrations
in the serum of experimentally infected volunteers.
In addition, these investigations also afforded the op-
portunity to study the effect of chloramphenicol
treatment on these trace-metals in serum, to see if
particular patterns of concentration could provide
useful criteria for screening potential toxic effects of
chemotherany during an infectious iliness. For fur-
ther comparison, we ssquentially determined serum
trace-metal concentrations in untreated rhesus mon-
keys infected with Salmonella typhimurium.

Materials and Methods
Study 1. Nineteen healthy men, inmates of the
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Maryland House of Correction, Jessup, Md., partici-
pated in this study on a volunteer basis. Before they
participated, the subjects were fully informed as to
the purposes, details, risks, and discomforts of the
study; each man was advised that he could withdraw
from the study at any time; and written and oral con-
sents were obtained from each volunteer. The proto-
col was reviewed and approved by the Human Exper-
imentation Committee of the University of Maryland
Medical School, and the study was conducted in ac-
cord with the Declaration of Helsinki. None of the
volunteers had a history of prior immunization or ex-
posure to typhoid fever.

After a three day pre-exposure control period, each
volunteer ingested 107 viable Salmonella typhi
(Quailes strain) in 46 ml of milk as previously de-
scribed (10, 11). Each subject was examined daily for
increase of body temperature, the presence of S.
typhi in the stool, and any other clinical signs of ill-
ness for a period of 30 days after the exposure. Indi-
viduals developing an oral temperature in excess of
100 °F were promptly admitted to the research ward.
The criteria for diagnosis of overt typhoid fever and
the initiation of antibiotic therapy have been de-
scribed (10, 11). Chloramphenicol (3 g/day) was ad-
ministered orally for seven days. Chloramphenicol
therapy was stopped for the next seven days and then
resumed for an additional five days. One individual
received cefazolin (l g intramuscularly every 6 h) and
gentamicin (80 mg intramuscularly every 8 L) for 24
h. The two drugs were stopped for the next 24 h, then
resumed for an additional five days. Thereafter the
individual was started on the above chloramphenicol
regimen.

After overnight fasting, venous-blood samples were
collected daily between 6 and 7 a.m. from all subjects
during the pre-exposure period and for 14 days after
exposure. In those volunteers who became clinically
ill and were hospitalized, blood samples were ob-
tained for an additional seven days.

Serum zine, iron, and copper concentrations were
determined by atomic absorption spectroscopy (5).
Serum transferrin and az-macroglobulin concentra-
tions were determined by an automated immunoas-
say, by use of a nephelometric technique as described
by Ritchie et al. (12).

Study 2. As an incidental part of another ongoing
study on vaccine efficacy, 25 healthy men, having no
history of prior exposure to typhoid fever, participat-
ed on a voluntary basis and served as the nonimmun.
ized control group. Again, the volunteers were in-
mates of the Maryland House of Correction, and in-
formed consent was obtained from each subject.

Tndividual exposure to S. {yphi (Quailes strain),
daily examinations, criteria for diagnosis of typhoid
fever, and chloramphenicol treatment were the same
as described above. In those individuals who devel-
oped overt illness, blood samples were obtained on
the day of onset and admission to the research ward
and on days 3, 5, 8, 12, 15, 16, 20, and 24 after admis-
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Fig. 1. Sequential chenges in serum iron, zinc, and copper
concentrations during typhoid fever in eight men treated with
chioramphenicol

&m::mmmmmt&. Values signifi-
cantly .05) dfterent Pre-exposire meen are represented
brackets indicating +SE by

sion, for serum iron determinations. Serum iron con-
centrations were determined by an automated colori-
metric technique (13, 14).

Monkey study. Two adult female rhesus monkeys
were inoculated intravenously with 1 x 10'° visble S.
typhimurium (MIT strain) suspended in saline. Core
body temperatures were recorded hourly by a Honey-
well Model 15 recorder via a copper-Constantan ther-
mocouple surgically implanted in the para-spinal
lumber musculature so that the sensing tip rested
just beneath the posterior abdominal peritoneum.

Daily before and after exposure, venous blood sam-
ples were obtained at 8:00 a.m., before feeding.
Serum zinc, iron, and copper concentrations were de-
termined by atomic absorption spectrophotometry as
previously described (5). Infection was confirmed by
positive blood cultures and the development of
agrlutinating antibodies.

Reoults

Nine of the 19 exposed volunteers in the first study
were admitted to the research ward with typical ty-
phoid fever. These individuals all required chemo-
therapy and were included in the study.

Figure 1 illustrates the sequential serum iron, zinc,
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Table 1. Effect of Typhoid Fever in Eight
Volunteers on Serum Transferrin and

ar-Macroglobulin Concentrations
Dally postexposure mean CoOncas
Days Translerrin -:Im;
—*m./l. mi*
Control 283 + 7 339+ 13
Postexposure
0 275 + 11 324 + 24
1 298 + 20 348 + 31
2 301 + 18 349 + 27
3 294 + 17 M7+ 22
4 302 £ 16 Bl+25
5 293 £ 16 329 + 25
6 289 + 19 339 £ 25
i 273 + 22 33 28
8 267 + 16 333+ 22
Onset of tliness
9 53+ 9 330 + 22
10 256 + 16 333+ 24
1 252 + 14 342+ 28
12 243 + 17° 303 £ 24
13 246 + 15° 316 = 30
14 246 + 16° 302 + 55
15 242 + 18 297 = 34
16 258 + 22 339 + 48
17 255 = 24 315+ 78
18 269 + 28 362 + 57
19 245 + 13 308 = 36
20 233 + 18 292 + 40
*« Mean + SE.

* Values significantly difterent from control (P < 0.05).

and copper concentrations in eight of the subjects
who, with the development of clinical illness, received
chloramphenicol. Both serum iron and zinc concen-
trations were significantly decreased from baseline
just before overt febrile illness began, reaching maxi-
mal depressions on day 9. With the onset of fever,
serum copper concentrations significantly increased
and remained slevated throughout the sampling peri-
od. By day 10, both serum iron and zinc concentra-
tions began to increase slowly, just before chloram-
phenicol therapy was started. By day 13 (second day
of therapy), serum zinc concentrations had increased
significantly above baseline. Similarly, serum iron
concentrations became significantly increased by day
18 (seventh day of therapy).

As shown in Table 1, serum transfer=in conecentra-
tiome became signilicantly depressed with the onset
of illness and remained below beseline throughout
the study. By contrast, no significant changea were
observed in concentrations of m—macroglobulm

Because chioramphenicol causes increases in
serum iron concentrations (8, 9), serial samples were
obtained from nine of 18 volunteers who developed
typhoid fever in Study 2, to see if a relationship exist-
od betwsen therapy and serum iron concentrations.
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Fig. 2. Effect of chioramphenicol treatment on serum iron
conconcentrations during typhoid fever in man

Values significantly (P < 0.05) different from the pre-exposure mean (shaded
band) are representsd by brackets indicating 4 SE

As shown in Figure 2, serum iron concentrations were
first depressed early in the illness. However, with the
administration of chloramphenicol for seven consecu-
tive days, serum iron concentrations began to in-
crease, becoming significantly elevated after the sev-
enth day of therapy. With cessation of treatment, the
values decreased abruptly, a pattern identical to that
observed in Study 1. When the second course of
chloramphenicol was started, serum iron values again
began to increase and returned to baseline when the
treatment ended.

By contrast, the one volunteer in Study 1 who was
initially started on cefazolin and gentamicin therapy
did not show any such increase and decrease in serum
iron concentrations during the sampling period (Fig-
ure 3). However, like the rest of the individuals who
developed clinical iliness, his serum zinc concentra-
tion did increase after the initial depression.

In the two untreated rhesus monkeys infected with
8. typhimurium, serum iron and zinc coucent.ations
decreased abruptly and significantly with the initia-
tion of this infection (Figure 4). Although serum iron
concentrations reached baseline values on days 8 and
9, no significant increases in serum iron concentra-
tions were observed in either monkey. However, like
the volunteers with typhoid fever in Study 1, both
monkeys had significant increases in serum vine con-
centrations, beginning on day 11, which closely corre-
sponded in timing to that seen in the volunteers
(Study 1, Figure 1). Serum copper concentrations
rose to extremely high values during the course of
this infection (Figure 4).

The data from these prospective clinical studies
demonstrate that typhoid fever in man produces sig-
nificant depressions of serum iron and zinc concen-
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Fig. 3. Sequential changes in serum Iron, zinc, and copper
concentrations during typhoid fever in one subject initialy
treated with a spiit course of cefazolin and gentamicin (treat-
ment No. 1) followed by chioramphenicol (treatment No. 2)

Shaded horizomtal bands reprasent the pre-exposure means 4 SE for this

trations just before and with the onset of febrile ill-
ness, accompanied by a concomitant rise in serum
copper concentrations (Figure 1). Serum transferrin
concentrations decreased significantly with the cnset
of febrile illness and remained depressed (Table 1).
These initial alterations in host trace-metal metabo-
lism are typically seen during an inflammatory or in-
fectious process and have been previously docu-
mented in other prospective studies in volunteers
with experimentally induced bacterial or viral infec-
tions (4, 5, 7).

However, as the disease course progressed and
chloramphenicol treatment was begun, notable dif-
ferences in the trace-metal values became evident.
While serum copper concentrations remained signifi
cantly increased, as they normally do during infec-
tion or inflammation, serum iron and zinc concentra-
tions also increased significantly. Because chloram-
phenicol has been shown to induce increases in serum
iron concentrations (8, 9), the increase in serum iron
concentrations observed in the present study (Study
1) was also suspected to be drug-related. The changes
in serum iron observed in Study 2 tend to support
this, since the elevations closely corresponded in tim-
ing and durstion with the chloramphenicol regimen.
However, the most direct evidence was in the absence
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Fig. 4. Sequential effect of Saimonella infection
on serum jron, zinc, and copper concentrations in rhesus
monkeys

Values significantly (P < 0.05) different from the pre-exposure meen (shaded
bands) are represented by brackets indicsting 4 SE

of serum iron increases in the volunteer (Figure 3)
who was initially treated with cefazolin and gentami-
cin and in the monkeys infected with S. typhimu-
rium.

Although the observed increase in serum iron con-
centrations appears to be drug-induced, the signifi-
cant increase in serum zinc concentrations appears to
be a disease-related phenomenon. This increase in
serum zinc was observed in all the volunteers several
days after the development of classified typhoid fever
(Figures 1 and 3) and after a week of untreated ill-
ness in monkeys infected with S. typhimurium (Fig-
ure 4). Wannemacher et al. (15), reported that serum
zinc concentrations decreased boforc the onset of
clinical iliness in volunteers with typhoid fever and
remain depressed throughout the study. However,
samples were not obtained each day, and there was a
lapse in sampling between days 13 and 25 postexpo-
sure. Thus a transient increase in serum zinc concen-
tration during this period would have been missed.

The reason for the delayed increase in serum zinc
concentrations during systemic infections with Sal-
monella has yet to be determined. Although the ay-
macroglobulin protein fraction normally accounts for
between 30-40% of the zinc bound in serum (16), we
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3aw no significant changes in the concentration of the
ag-macroglobulin during typhoid fever (Table 1).
Further studies would be in order to determine how
the increased amounts of zinc might be bound to—or
associated with—the ay-macroglobulin, albumin, or
both in serum.

Because alterations in serum trace-metal concen-
trations may play an important role in the diagnosis
of disease and disease etiology, it is important to de-
fine the profiles produced or complicated by the ad-
ministration of various drugs. Monitoring of trace
metals may not only be useful in determining the
course of a particular disease, but alro may serve as a
sensitive screening procedure to aid in averting the
various ramifications of drug-induced toxicity.

In this regard, it has been shown that marked in-
creases in serum iron concentrations generally pre-
cede erythropoietic depression or toxicity (8, 9). In
the present study, where chioramphenicol was ad-
ministered in two short-term courses, the effects of
the treatment on the hematopoietic system were ex-
tremely minimal. Serum iron concentrations became
significantly elevated only on the last day (seventh
day) of the first course, returning quickly to normal
or below normal with cessation of the drug. The chlo-
ramphenicol regimen described herein appears opti-
mal, resulting in complete recovery from disease in
all volunteers and no toxic after-effects.
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